An anaesthetic regime was developed for lung transplantation in the dog using a continuous infusion of alfentanil and midazolam. This combination of agents provided excellentanalgesia and also produced loss of consciousness. Cardiovascular stability was well maintained over a 24-h period of anaesthesia following lung transplantation. Although no animals were allowed to recover from anaesthesia in the present series, the regime described is likely to be suitable for recovery anaesthesia, particularly since both of the agents used can be reversed with specific antagonists.
Isolated lung or combined heart-lung transplantation now offers realistic therapy for endstage pulmonary disease in man (Toronto Lung Transplant Group, 1986; Cooper et al., 1987; Penketh et al., 1987) . Unfortunately, a number of problems have arisen during the development of clinical programmes of lung transplantation, particularly in relation to organ preservation. In an effort to solve these problems, use has often been made of appropriate animal models (Modry et al., 1983; Thomas & Buchman, 1971) . The requirements of an anaesthetic regime for lung transplantation may be quite exacting. The deep anaesthesia needed to allow pain-free surgery should be coupled with maintenance of stable Received 12 October 1988. Accepted 17 January 1989 cardiovascular function. A number of studies have been undertaken using the dog, but the anaesthetic regimes used in these investigations have been relatively unsophisticated (Downing etal., 1984; Ebert & Hudson, 1971; Feeleyetal., 1985; Wahlers et al., 1986) . In most instances anaesthesia was induced and maintained with pentobarbitone, despite this agent's depressant effects on the cardiovascular system (Lumb & Jones, 1984; Parker & Adams, 1978) .
A programme of research by the transplantation group in this laboratory required maintenance of anaesthesia for unilateral lung transplantation in the dog, followed by continuation of anaesthesia for a 24-h period to enable evaluation of pulmonary function (Locke et al., 1988) . In view of the known disadvantages of barbiturate anaesthesia and the similar depressant effects of inhalational agents such as halothane, a balanced anaesthetic regime using alfentanil and midazolam was developed.
Materials and methods
Adult, laboratory bred beagles (body weight 16·2 ± 3, 0 kg) were obtained from a commercial supplier and housed in conventional laboratory conditions in accordance with the RS/UF AW guidelines (RS/UFAW, 1987) . A total of 40 animals were anaesthetized. The dogs were sedated using 'Hypnorm' (Janssen Animal Health, Wantage, Oxon), 0·1 ml/kg Lm. (equivalent to 0·0315 mg fentanyl, 1mg fluanisone/kg). Atropine (20 ltg/kg, Lm.) was also administered as part of the pre-anaesthetic medication. Anaesthesia was induced 20 min later by administration of midazolam ('Hypnoyvel', Roche) (5-10 mg total dose, i.v.) and alfentanil ('Rapifen', Janssen Ltd) (0-40 ltg/kg i.v.)
Following endotracheal intubation, the animals were connected to a Bain's circuit and ventilated using a Nuffield 200 ventilator (Penlon Ltd, Abingdon, UK) at a respiratory rate of 20 breaths/min and a tidal volume of 15 mllkg. A fresh gas flow rate of 150 mllmin of nitrous oxide and oxygen was used, with an inspired oxygen content of 401170. Tidal and minute volume settings of the ventilator were checked using a Wright's respirometer (Ferraris Medical Ltd, London, UK) and the inspired oxygen content with an oxygen content meter (Viamed, Keighley, UK). Following thoracotomy, positive end expiratory pressure of '4 cm H 2 0 was maintained using a standard PEEP valve (Penlon Ltd).
Anaesthesia was maintained with a continuous infusion of alfentanil (4-5 ltg/kg/min) and midazolam (0'005 mg/kg/min) using two infusion pumps (MS2000, Graseby Medical, Watford, UK). Neuromuscular blockade was established using alcuronium (0'1 mg/kg, i.v.) and maintained with incremental doses as necessary. Surface electrodes were placed on both forelimbs and one hind-leg to record the ECG and on the medial aspect of the elbow to monitor the adequacy of neuromuscular blockade using a peripheral nerve stimulator (Viamed Ltd).
An 18G femoral artery catheter ('Leadercath', Vygon Ltd, Ecouen, France) was inserted percutaneously to monitor arterial pressure and to enable sampling of arterial blood for bloodgas analysis. A Swan-Gantz catheter (5 FG) was positioned in the pulmonary artery via the jugular vein. The side-arm of the Swan-Gantz catheter enabled measurement of central venous pressure (CVP). Cardiac output was measured by the thermodilution technique using a cardiac output computer (Gould Electronics Ltd, Coventry, UK). Rectal temperature was monitored and the animal's body temperature maintained using a thermostatically controlled heating blanket (Harvard Instruments). Blood pressures and ECG were monitored using electronic monitoring apparatus ('Supermon', Kontron Ltd, St. Albans, Herts). 279 Following induction of surgical anaesthesia and placement of the monitoring devices listed above, a thoracotomy was carried out to enable unilateral lung transplantation. The adequacy of anaesthesia was assessed by monitoring heart rate and systemic arterial pressure during surgical stimulation. An increase of more than 10% above baseline was considered to indicate inadequate analgesia and a bolus of 500 Itg (total dose) of alfentanil administered. To further assess the adequacy of anaesthesia, 6 animals received no neuromuscular blocking agent prior to thoracotomy and unilateral pneumonectomy. In addition, the neuromuscular blockade was allowed to reverse in 6 animals during the 24-h period following lung transplantation.
Following thoracotomy and unilateral pneumonectomy, left lung transplantation was carried out. The transplanted lung had been removed previously from a donor animal and stored for 6 hours to enable assessment of different organ preservation techniques. After completion of transplantation the pulmonary artery and bronchus supplying the animal's own right lung were ligated. Full details of the surgical procedures have been described elsewhere (Locke et al., 1989) . Anaesthesia was maintained as described above for 24 h following lung transplantation, and at the end of this period the animals were killed by administration of an overdose of pentobarbitone.
Results

Adequacy of anaesthesia
During initial studies using this anaesthetic regime, 3 of 6 animals showed increased heart rate and elevated blood pressure during thoracotomy, necessitating administration of additional alfentanil. Thereafter 500 Itg of alfentanil was administered routinely 5 min prior to thoracotomy.
Animals which did not receive neuromuscular blocking agents prior to thoracotomy showed no spontaneous movements during surgical stimulation and no increases in heart rate or blood pressure were noted. The 6 animals in which neuromuscular blockade was allowed to reverse ... showed no spontaneous movements, nor was any response obtained to pinching the inter digital skin with a haemostat. Haemodynamic measurements during clamping of the skin also remained stable.
Cardiovascular parameters and blood gas analyses
Arterial blood pressure, pulmonary artery pressure, heart rate and cardiac output during the 28-h period of anaesthesia are illustrated in Figs 1 and 2. Blood gas parameters are illustrated in Figs 3 and 4. The data presented are from two groups of animals (n = 21) in which lung preservation was judged to have been successful, nevertheless some degree of pulmonary hypertension invariably accompanied transplantation and ligation of the right pulmonary artery and right bronchus.
Immediately following induction of anaesthesia, the majority of animals developed moderate bradycardia (72 ± 18 mean ± SD, Fig. 5 ). Administration of alcuronium resulted in a transient 
Discussion
An anaesthetic regime of alfentanil and rnidazolam was developed in an attempt to minimize the cardio-depressant effects of anaesthesia, and in addition to provide prolonged, stable anaesthesia. Potent opioids such as fentanyl and tachycardia and an increase in systemic arterial pressure (Fig. 5) .
Heart rate fell significantly (P<0-05) following transplantation (Fig. 1) , then rose significantly (P< 0 -05) over the 3 h following ligation of the right pulmonary artery. Thereafter heart rate stabilized and did not change significantly (P>O'I) over the remaining 20 h of anaesthesia. Systemic arterial pressure fell following transplantation (P<O-OOI) (Fig. 1) , showed a small rise over the following 3 h (P< O' 05), then stabilized and did not change significantly over the remaining 20 h anaesthesia.
Cardiac output showed an initial reduction following transplantation and ligation of the contralateral pulmonary artery (P< O' 05). Cardiac output remained stable and did not vary significantly (P> 0-1) from 2 h post-transplantation to the end of the period of anaesthesia.
Pulmonary artery pressure increased slightly following unilateral pneumonectomy (P<O'OOI) ( Fig. 1) and showed a marked elevation following transplantation and contralateral pulmonary artery ligation (P<O·OOI). A small fall (P<O'OOI) occurred over the succeeding 23 h anaesthesia, but pulmonary arterial pressure remained elevated compared to pre-pneumonectomy values (P<O·OOl).
Arterial P02 did not change significantly during the period of anaesthesia (P>O'I) (Fig.  3) . Arterial carbon dioxide tensions increased following transplantation (P<O'05) (Fig. 3) , and remained slightly elevated over the remaining 24 h (33' 5 ± 7 . 8 mmHg pre-pneumonectomy; 39,0 ± 7' 3 mmHg at 24 h post-transplant; mean ± SD). Arterial pH fell following transplantation (P< O' 05) (Fig. 4) , then rose gradually over the following 24 h, and was no longer significantly different from pre-pneumonectomy values by 16h post-transplantation (P>O·I). alfentanil have become increasingly popular as anaesthetic agents for cardiovascular surgery in man (De Castro, 1976; Bovill et al., 1984) . Both fentanyl and alfentanil have been reported to have minimal cardiovascular depressant effects in animals and man, but high doses of these agents have been reported to produce bradycardia (Freye, 1974; Liu et al., 1976; Nauta et al., 1982; D' Aubioul et al., 1984; Arndt et al., 1986) . It was considered preferable to maintain anaesthesia by continuous infusion since this method of drug administration generally results in a more stable level of anaesthesia than can be achieved by intermittent dosing. An additional advantage is that once anaesthesia has stabilized, little further attention need be given to the drug infusion system, provided that the infusion pump is fitted with an occlusion alarm. Alfentanil was selected in preference to fentanyl because its shorter duration of action would result in more rapid responses to changes in the rate of infusion. Its more rapid onset of action was also considered advantageous when used for anaesthetic induction.
Although maintenance of cardiovascular stability was a major consideration when developing the anaesthetic regime, other important factors influenced the development of the regime. Alfentanil alone or in combination with nitrous oxide and a neuromuscular blocking agent was not considered acceptable. High doses of alfentanil are required to produce loss of consciousness in dogs (Arndt et al., 1986) and in initial trials in this laboratory alfentanil (30 ltg/kg i.v.) produced agitation and excitement in addition to incoordination and analgesia in laboratory beagles.
Intra-operative awareness during opioidrelaxant anaesthesia is a recognized problem in man (Mummaneni et al., 1980; Hildenberg, 1981) . Since the MAC of nitrous oxide in the dog is considerably greater than in man (dog-188; man-105; Lumb & Jones, 1984) , this anaesthetic agent could not be relied upon to produce hypnosis. For this reason a benzodiazepine, midazolarn, was added to the anaesthetic regime. Midazolam has been shown to have minimal Flecknell, Hooper, Fetherstony, Locke & McGregor cardiovascular depressant effects in the dog (Pieri et al., 1981) , although its depressant action is greater when administered in combination with a potent opioid in rats (Reves et al., 1984) . Midazolam has been widely used as an anaesthetic induction agent in man, however when administered alone to dogs it does not produce unconsciousness. When administered together with alfentanil, anaesthesia is induced smoothly and rapidly.
To ensure that the infusion rates of alfentanil and midazolam were sufficient to maintain anaesthesia, additional doses of the neuromuscular blocking agent alcuronium were withheld in 6 animals and the absence of spontaneous movements taken as evidence that unconsciousness was maintained.
Alfentanil has been shown to be a potent analgesic in the dog (Arndt et al., 1986) , but the adequacy of analgesia was carefully assessed in the present series of animals whilst they were undergoing surgery. In one group of animals, aIcuronium was not administered until after the thoracotomy had commenced, and in all animals heart rate and blood pressure were monitored continuously. Some animals in the first group to be studied showed cardiovascular responses to surgery, which could be abolished by administration of an additional injection of alfentanil. Subsequently, an incremental injection of 500 p.g of alfentanil was administered to all animals prior to thoracotomy. Initially, it was intended to use only atropine as the pre-anaesthetic medication. Unfortunately, many of the laboratory-bred beagles had not become accustomed to handling and this necessitated the use of the neuroleptanalgesic preparation 'Hypnorm' (fentanyllfluanisone, Janssen) to enable humane handling and restraint for intravenous injection. The use of neuroleptanalgesic combinations in the dog is associated with the production of bradycardia and moderate hypotension, although these effects are reported to be minimized by prior administration of atropine (Parker & Adams, 1978; Short, 1987) . Atropine was administered as part of the preanaesthetic medication to all dogs, however, the administration of 'Hypnorm' was still associated with a significant degree of bradycardia. This could be readily reversed by the intravenous administration of small additional doses of atropine, but the administration of alcuronium had a similar effect. Alcuronium has been reported to cause hypotension in the dog (Jones & Clutton, 1984) , but in the presence of opioid induced bradycardia it appears that the vagolytic effects of the alcuronium result in tachycardia and a rise in systemic blood pressure. Following establishment of neuromuscular blockade, heart rate and blood pressure stabilized rapidly.
The animals studied formed part of an investigation of the effects of lung transplantation, hence certain constraints were imposed on the observations that could be made. Although it was not possible to study the effects of the anaesthetic regime over a 24-h period in normal dogs, some observations can be made on the basis of results obtained following unilateral lung transplantation. As might be anticipated, unilateral pneumonectomy produced a fall in cardiac output and systemic arterial blood pressure, and a rise in pulmonary arterial pressure. Following transplantation of the left lung, the pulmonary vessels which supplied the animal's normal right lung were ligated so that the pulmonary blood flow was completely diverted into the transplanted lung. This procedure resulted in an immediate reduction in cardiac output and systemic blood pressure, and a rise in pulmonary artery pressure as a consequence of increased pulmonary vascular resistance. Despite this major surgical interference, cardiovascular function remained stable over the ensuing 24 h.
Although no studies with pentobarbitone were undertaken, it is possible to compare the results from the present study.with previously published data. Cardiac output prior to pneumonectomy in the present series was approximately double that previously reported in pentobarbitone 283 anaesthetized dogs (Downing et al., 1984; Feeley et al., 1985) . Comparison of cardiovascular parameters following transplantation are of limited value because of the influence of the surgical procedure, however, cardiac output in the current series of animals was well maintained in comparison with other studies which utilized pentobarbitone as the sole anaesthetic.
A number of refinements and developments of this anaesthetic regime are possible. It would be desirable to avoid the use of fentanyllfluanisone and use only atropine as the pre-anaesthetic medication. It might also be preferable to use atracurium as the neuromuscular blocking agent, since this agent has been shown to have fewer side-effects and to be suitable for administration by continuous infusion in the dog (Jones & Clutton, 1984; Jones & Brearley, 1987) .
The current regime has clear advantages over the use of older anaesthetics such as pentobarbitone, or the use of volatile anaesthetics such as halothane. Although no animals were allowed to recover from anaesthesia, it seems unlikely that any serious problems would be encountered if this regime were used for recovery procedures. A combination of fentanyl and climazolam has been reported to be a suitable anaesthetic for veterinary clinical use in the dog (Erhardt et al., 1986 ). An additional advantage of such a regime is that both the opioid and benzodiazepine components can be reversed using specific antagonists (De Castro & Viars, 1968; Erhardt et al., 1986; Flecknell et al., 1989) .
